Obesity in pregnancy is associated with increased risks of obesity in the offspring. We investigated the relationship between obesity in pregnancy and circulating maternal and fetal levels of adipose tissue-derived factors adipsin and acylation stimulating protein (ASP) in lean and obese mothers.
T
he prevalence of obesity is increasing and now affects more than 475 million individuals worldwide (1) . The fact that obesity may be transmissible via nongenetic factors raises significant concerns for future generations. Obesity is proving a major clinical problem in women of reproductive age. It is currently estimated that one in four pregnant patients in the United Kingdom are classified as obese (2) . Numerous studies have demonstrated that maternal obesity is related not only to increased risks for the mother but also the offspring (3) . In addition to being associated with infertility, stillbirth, gestational diabetes and hypertension, preeclampsia and complication during delivery, maternal high body mass index (BMI) (Ͼ30 kg/ m 2 ) is positively correlated with neonatal and childhood obesity in the offspring (4), with negative consequences that include increased risk of metabolic syndrome (5) and type 2 diabetes later in life (6) .
Although it is established that increased maternal adiposity directly affects the physiology of the fetus, the mechanisms by which these processes occur are incompletely understood (7, 8) . More recently, animal studies have revealed mechanistic involvement of adipose tissue derived factors in maternal obesity as well as a crucial influence on metabolic pathways and programming in the fetus (9) . However, comparatively limited work has been performed in humans examining the role of adipose tissuederived factors in obese pregnancy.
Adipsin was originally identified as a 28-kDa adipocyte-secreted protease with close homology to human complement D. Adipsin was first described as an adipokine (10) before being also detected in muscle (11) , lung, peripheral nerves (12) , and, more recently, murine placenta (13) . Adipsin is secreted in significant amounts from adipose tissue (12) , and plasma adipsin levels are significantly higher in obesity and positively related to BMI (14) . Adipsin is the rate-limiting enzyme in the formation of acylation stimulating protein (ASP) (15) , a factor contributing to lipid storage in the adipose tissue (16 -18) . Adipsin catalyzes the breakdown of complement factor C3 into C3a (17) , which is then converted into ASP. ASP is a 76-amino acid protein that enhances triacylglycerol clearance, resulting in reduced circulating triglyceride levels in the animal (19) . Molecular mechanisms underlining ASP's metabolic function have been identified. ASP regulates lipid storage in the adipose tissue by increasing diacylglycerol O-acyltransferase 2 activity (20) , enhancing glucose transport in adipocytes (17) and reducing hormone-sensitive lipase activity (21) . Therefore, the combined increased in lipogenesis and decreased triglyceride breakdown results in ASP-driven enhancement of lipid accumulation in the adipose tissue and concomitantly a reduction of plasma triglyceride concentrations.
Moreover, ASP-induced triglyceride synthesis is not only more potent than that triggered by insulin but also appears to be independent but synergistic with insulin action (22) . Plasma adipsin and ASP levels are increased in states of insulin resistance, and obese individuals display significantly increased ASP levels (23), potentially contributing to enhanced triglyceride storage in conditions of impaired insulin function (24) . Interestingly, insulin resistance is a normal state developing in mothers during pregnancy and is associated with increased ASP concentrations in late gestation (25) .
Despite the evidence that the adipsin-ASP pathway could contribute to increasing fetal fat mass (26) , neither adipsin and ASP function nor the correlation between their levels in mothers and the developing fetus has been investigated in the context of obese pregnancy.
With this in mind, we undertook the following: 1) a systemic investigation of adipsin and ASP levels in obese and lean gestational age-matched women along with the analysis of adipsin and ASP levels in their corresponding cord blood, and 2) we examined paired adipose tissue and placental explants to identify a potential source of these molecules.
Materials and Methods

Subjects
All study participants were pregnant women scheduled for elective cesarean section delivering at 39 -40 weeks of gestation. Thirty-five lean (BMI 19 -25 kg/m 2 , mean age 32 y; range 18 -44 y) and 39 obese (BMI Ͼ 30 kg/m 2 , mean age 32.49 y; range 22-44 y) Caucasian women were asked to fast overnight prior to undergoing elective cesarean section, which was performed at the same time of the day in all individuals to mitigate any possible diurnal influences on adipsin and ASP levels. The Coventry local research ethics committee approved the study, and all patients gave written informed consent (Research Ethics Committees 07/ H1210/141). We defined the control group as lean pregnant women with prepregnancy BMI between 19 and 25 kg/m 2 and the test group as obese pregnant women with pregravid BMI greater than 30.0 kg/m 2 . Oral glucose tolerance tests were performed at 26 -28 weeks of gestation in all participants to characterize glucose metabolism and exclude diabetes. Women with multiple pregnancies as well as patients with cardiovascular disease, preeclampsia, or other relevant diseases were excluded. Paired maternal venous and cord blood samples were collected at the time of cesarean section and were spun (3000 ϫ g; Beckman Coulter DS-9623C) immediately. The supernatant was stored immediately at Ϫ80°C until analysis. All chemicals and reagents were from Sigma-Aldrich unless otherwise stated.
Biochemical and hormone analysis
Venous blood samples were collected for the measurement of insulin, glucose, adipsin, ASP, nonesterified fatty acids (NEFAs), and leptin and for lipid profiling. Details are provided in Supplemental Methods, published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org.
Tissue explant culture
Paired explant experiments were performed using sc adipose tissue and placentae (27, 28) from obese and lean pregnant patients undergoing elective cesarean section at term (n ϭ 4 for both). Details are provided in in supplemental Methods.
Immunohistochemistry
Eight-micrometer frozen placental and adipose tissue sections were obtained using a cryostat (Leica Microsystems) and fixed in 75% ethanol for 5 minutes. Immunohistochemistry analyses were performed on serial sections of placenta and adipose tissue as described previously (29) . Immunostaining was performed using a Vector Polymer detection kit (Vector Laboratories), and adipsin positive cells were detected with mouse antihuman adipsin antibody (1:100; Santa Cruz Biotechnology). Assessment of Hofbauer cell (HBC) numbers was performed by staining with the Hofbauer Cell marker CD206 (R & D Systems), whereas the assessment of adipose tissue macrophages was performed with the pan-macrophage marker CD68 (Dako). Cell counting was performed using ImageJ software (National Institutes of Health) (30) .
Western blotting
Proteins were harvested in radioimmunoprecipitation assay buffer with protease inhibitor cocktail added at 0.1% (vol/vol) (Cell Signaling). Further details are provided in Supplemental Methods.
Isolation of placental cytotrophoblast, fibroblast, and Hofbauer cells
Placental cells were isolated as previously described (31) . Briefly, isolation of the different cell types comprising placenta was initiated through protocols previously used to obtain cytotrophoblasts (CTs) using trypsin/ deoxyribonuclease I digestion and discontinuous Percoll gradient fractionation. CTs (Ͼ95% purity) were generated after enzymatic digestion of placenta with trypsin, centrifugation on Percoll gradients, and negative immunoselection by simultaneous incubation with anti-CD45 and anti-CD9 antibodies. HBCs were isolated using collagenase digestion of trypsin-treated tissues, followed by centrifugation on Percoll gradients and negative immunoselection by sequential incubation with antiepithelial growth factor receptor and then with anti-CD10 antibodies. Cultures of fibroblasts (FIBs) (Ͼ95% purity) were obtained from cells attached to magnetic beads containing CD9 and CD45 antibodies from CT isolations and those attached to anti-CD10 beads from HBC preparations. HBCs are isolated with 98%-99% purity and a yield of 130 -200 ϫ 10 6 cells per 80 -100 g of tissue assessed by flow cytometry as previously described (31) .
Confocal microscopy
Placental sections were obtained as described in Immunohistochemistry. Details of confocal microscopy are provided in Supplemental Methods.
Statistical analyses
Data are expressed as mean Ϯ SEM. Differences between two groups were compared using the Mann-Whitney U test, with significance set at a P Ͻ .05. Correlations between parameters were examined by bivariate analyses, using Pearson coefficients. Multiple linear regression analysis was performed using SPSS (IBM, version 19). Insulin resistance was estimated using the homeostasis model assessment of insulin resistance (HOMA-IR), calculated as [fasting insulin (microinternational units per milliliter) ϫ fasting glucose (millimoles per liter)/22.5] (32).
Results
Patient characteristics and biochemical profiles
Patient clinical characteristics are presented in Table 1 , whereas the maternal and fetal biochemical profiles are summarized in Table 2 . There were no significant differences in glucose and high-density lipoprotein cholesterol levels between normal and obese women or their offspring (P Ͼ .05). However, statistically significant differences (P < .05) were found in total cholesterol, triglycerides, and low-density lipoprotein, which were all elevated in obese mothers as well as their corresponding fetal cord bloods when compared with the group with normal BMI. Similarly, serum insulin levels were significantly (P ϭ .008) elevated in obese women compared with lean women. Insulin concentrations were not statistically different in the cord bloods of babies born to obese women compared with lean women. HOMA-IR was elevated in obese women (2.44 Ϯ 0.21) and their offspring, as measured via cord blood (2.17 Ϯ 0.29), compared with lean women (1.84 Ϯ 0.28) and their babies (1.37 Ϯ 0.08). 
Elevated plasma adipsin in obese pregnancy
Plasma adipsin levels ( Figure 1A ) were significantly elevated in obese pregnant women (843.42 Ϯ 33.14 pg/mL) compared with pregnant women with normal BMI (720.63 Ϯ 33.13 pg/mL). Cord blood samples revealed significantly higher levels of adipsin than maternal samples. Furthermore, babies born to obese mothers showed significantly higher levels of adipsin (1663.78 Ϯ 52.76 pg/mL) in the cord bloods, as compared with babies of lean mothers (1354.37 Ϯ 33.82 pg/mL) (P Ͻ .05).
Elevated plasma ASP in obese pregnancy
Plasma ASP levels ( Figure 1B) were significantly elevated in obese pregnant women (608.70 Ϯ 67.15 ng/mL), compared with pregnant women with normal BMI (420.30 Ϯ 39.98 ng/mL). In contrast to the observed increased levels of adipsin, cord blood sample levels for ASP were lower than maternal samples, but offspring of obese mothers had significantly (P Ͻ .05) higher levels of cord blood ASP (354.48 Ϯ 12.12 ng/mL) than the offspring of lean mothers (302.63 Ϯ 14.98 ng/mL).
Secretion of adipsin and ASP by paired human placental and adipose tissue explants
We identified adipsin secretion from placental explants, which was significantly greater in placentae from obese patients (446.0 Ϯ 44.38 pg/mL ⅐ g) than from placentae from lean patients (384.56 Ϯ 43 pg/mL ⅐ g; P Ͻ .05) ( Figure 1C ). Additionally and as expected, adipose tissue (AT) from obese patients produced significantly more adipsin (790.27 Ϯ 64.60 pg/mL ⅐ g) than AT from lean mothers (504.74 Ϯ 31.94 pg/mL ⅐ g; P Ͻ .05). To test whether human placenta was also producing ASP, similar analyses on placental explant media were performed and revealed that ASP secretion ( Figure 1D ) was markedly greater from placental tissues than from AT. ASP levels in the medium of placental tissues of obese women (5485.74 Ϯ 163.32 ng/mL ⅐ g) were significantly higher than those of lean women (2399.16 Ϯ 181.83 ng/mL ⅐ g). Similarly, although to a lesser extent, ASP secretion from adipose tissue of obese women (1508.40 Ϯ 659.65 ng/mL ⅐ g) was significantly higher than ASP secretion from adipose tissue of lean women (807.21 Ϯ 254.8 ng/mL ⅐ g).
Cord and maternal nonesterified fatty acid (NEFA) levels
Given the elevated levels of adipsin and ASP in our obese patient cohort, we examined circulating levels of NEFAs in the fetal and maternal compartments. Measurement of NEFAs showed that obese mothers had higher circulating NEFAs than their lean counterparts (1.35 Ϯ 0.06 mol/L vs 1.09 Ϯ 0.18 mol/L) ( Figure 1E ). The fetal compartment showed a similar pattern (0.19 Ϯ 0.02 mol/L vs 0.12 Ϯ 0.011 mol/L), with a 10-fold reduction in NEFA levels compared with the maternal circulation, which is consistent with previous findings (33) . This was noted to be a similar order of magnitude to the reduction in triglyceride concentrations (Table 2) between the maternal and fetal compartments.
Fetal plasma adipsin and ASP correlations
A Pearson product-moment correlation coefficient was computed to assess the relationship between fetal adipsin and other clinical and biochemical parameters. Figure 2A reveals a significant relationship between fetal adipsin and maternal BMI (r ϭ 0.611, P Ͻ .01). Correlations between adipsin and other parameters are presented in Figure 2C . The predictors of fetal adipsin levels were assessed by a multiple regression analysis. The model included maternal BMI, HOMA-IR, and leptin as independent variables. Maternal BMI explained 37.7% (P ϭ .006) of the variation in fetal adipsin. Maternal HOMA-IR accounted for a further 8% (P ϭ .036) of the variation in fetal adipsin.
There was a significant correlation between fetal ASP and maternal BMI (r ϭ 0.391, P Ͻ .05) ( Figure 2B ). The remaining correlations between ASP and other clinical/ biochemical parameters are presented in Figure 2C . We also additionally observed that maternal adipsin levels correlated with maternal triglycerides (r ϭ 0.329, P ϭ .04) and fetal cholesterol (r ϭ 0.280, P ϭ .038), whereas maternal ASP correlated with both maternal triglycerides (r ϭ 0.492, P ϭ .004) as well as maternal cholesterol (r ϭ 0.370, P ϭ .04). Furthermore, fetal adipsin correlated with fetal triglycerides (r ϭ 0.287, P Ͻ .01). The predictors of fetal ASP levels were also estimated by multiple regression analysis. The model included maternal BMI, HOMA-IR, and leptin as independent variables. The model explained that only maternal BMI accounted for 26% of the variation in fetal ASP (P ϭ .016).
Human placenta secretes adipsin
Immunohistochemistry experiments revealed adipsin positive areas in specific cells dispersed throughout the placenta ( Figure 3A) . Pronounced staining was particularly observed in the perivascular area, suggesting higher levels of adipsin in proximity to the fetal vasculature ( Figure 3B ). The distribution of these cells suggested that they were HBCs. Antibody specificity was confirmed by immunoblotting, with human adipose tissue as positive control ( Figure 3C ).
Confocal microscopy revealed that adipsin colocalized with CD206, a HBC marker ( Figure 3D , upper panels), but adipsin did not colocalize with the trophoblast marker CK7 ( Figure 3D , lower panels), therefore demonstrating that adipsin colocalized to the placental macrophages (HBCs).
HBCs secrete both adipsin and ASP
The previous observations strongly suggested that HBCs in the placenta produced adipsin and ASP. Therefore, to address this possibility and to exclude a contribution from other cell types within the placenta, negative magnetic selection of cell types from placenta was performed as previously described (31) . FIBs, cytotrophoblasts (CTBs), and HBCs from 4 placentae were cultured and adipsin and ASP were quantified in their respective media. Although only minimal ASP or adipsin was found in either FIBs or CTBs, sustained secretion of both adipsin (49.75 pg/ml per 10 6 cells) and ASP (13.62 ng/mL per 10 6 cells) was detected from HBCs ( Figure  4, A and B, respectively) .
Quantification of macrophages and HBCs in obese vs normal placental and adipose tissue
ImageJ analysis of macrophage marker staining in adipose tissue (Figure 4, F 
Discussion
Adipsin and ASP play significant roles in triglyceride storage, and their levels rise both after high-fat meals and in 
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obese states (36) . Pregnancy is characterized by an insulinresistant state with significant metabolic perturbations, which are exaggerated by maternal obesity. Although the adipsin/ASP pathway has been investigated in obesity (23) and plays a significant role in lipogenesis (37), limited information is available on the role of adipsin in pregnancy. ASP levels correlate with maternal hyperlipidemia in late gestation (25) . Although our findings corroborate these observations, examining the role of ASP in hyperlipidemia in state of obesity was beyond the scope of this study. Instead, we report for the first time that circulating adipsin levels are increased in obese mothers compared with their lean controls. Most importantly, adipsin levels were significantly higher in the cord bloods than in the maternal circulation, with an even greater elevation in the cord bloods from obese mothers. In conjunction with this, elevated circulating ASP levels were noted in the obese group. Although ASP levels in the cord bloods were lower than those seen in the mothers, there were significantly higher levels in the cord bloods from obese mothers than cord bloods from lean mothers. There were strong correlations between both fetal adipsin and fetal ASP with maternal BMI, suggesting potentially important roles for this pathway in pregnancy as well as correlations between maternal and fetal adipsin and ASP with maternal triglycerides, cholesterol, and fetal triglycerides and cholesterol. We found, in agreement with other studies (38) , that our obese group did not gain more weight than our lean cohort. According to Institute of Medicine and Health Canada's gestational weight gain recommendations (39), a more moderate weight gain in obese mothers of 5-9 kg of gestational weight gain would be preferable, with the here observed mean weight gain of 11.1 kg being slightly higher. However, because absolute weight gain was comparable between lean and obese mothers, increased levels of adipsin and ASP in the obese mothers and their fetuses cannot be attributed to a higher increase of maternal weight in obese mothers in this cohort. We did note significant correlations between fetal adipsin and fetal birth weight, suggesting a possible contribution to fetal programming of obesity. Nevertheless, whether high adipsin and/or ASP levels in the fetus may be causally involved in increased birth weight remains to be investigated.
Given these data, the significantly elevated levels of adipsin observed in the cord blood suggest that the placenta might be a source of these molecules. We therefore undertook paired explant experiments using sc adipose tissue, which releases similar amounts of adipsin than visceral tissue (40) , and placenta. We demonstrate that placental explants secreted both adipsin and ASP into the media. Adipsin secretion from placental explants was lower than that seen from the paired adipose tissue explants. However, ASP secretion had a strikingly opposite pattern, ie, ASP from placental explants was substantially greater than that seen from adipose tissue. Moreover, although the secretion of adipsin from the placental explants was translated into high levels of adipsin in cord blood, higher levels of ASP released by placental explants did not parallel levels of cord ASP. Given the normal levels of adipsin secretion from the explants, the elevated ASP seen in placental explants lends itself to the hypothesis that the placenta might use ASP locally. Consistent with previous findings (33) was the observation that circulating triglyceride and NEFA levels were significantly lower in the fetal compartment. This is not unexpected when analyzing whole cord blood samples, given that whole cord blood represents both blood into fetal circulation via the umbilical vein and blood back to the placenta via the umbilical artery. Thus, returning blood would have reduced NEFAs because the fetus uses fatty acids. However, an additional physiological action of ASP at the placental barrier cannot be finally excluded. The finding that triglyceride and NEFA levels were lower in the fetal compartment does not obviate the finding that the offspring of obese mothers had higher levels of these lipid species than those of their lean counterparts. In healthy men and nonpregnant women, fasting ASP predicts postprandial triglyceride clearance (41) . Moreover, fasting plasma ASP is increased in obesity, insulin resistance, coronary artery disease, and diabetes (42) , whereas weight loss and exercise decrease ASP (43) . It has therefore been suggested that increased levels of fasting ASP, in the presence of delayed triglyceride clearance, are suggestive of ASP resistance (44) . Our data may indicate an enhanced adipsin/ASP response in obesity, which is insufficient to completely mitigate the elevated lipids in the fetus. Our data would support the hypothesis of ASP resistance in obese pregnancy, but further studies are needed to elucidate this.
Having demonstrated novel placental secretion of both adipsin and ASP, we aimed to identify the cell type(s) within the placenta that was responsible for the synthesis and/or secretion of these molecules. It has previously been demonstrated in adipose tissue that the stromal vascular compartment is responsible for the release of adipsin (40) . The placenta is a complex organ, comprised of trophoblasts (cytotrophoblast and syncytiotrophoblast), endothelial cells, connective tissue, fibroblasts, and HBCs that are macrophages of mesenchymal origin and are present throughout pregnancy. Immunohistochemistry revealed perivascular staining of adipsin in a cell type that was neither endothelial nor trophoblast. Because positive staining was localized to areas with both fibroblasts and HBCs, we further aimed to identify the responsible cell type using confocal microscopy and a negative immunoselection technique that we have previously used to isolate cell types from the placenta (31) . Confocal microscopy showed HBCs and adipsin colocalization. In addition, culturing separated cytotrophoblasts; fibroblasts, and HBCs revealed that both adipsin and ASP were released from HBCs, with negligible release from any of the other cell types seen. We also detected increased numbers of macrophages and HBCs in adipose tissues and placentae from obese mothers, as previously reported (34, 35) , and these increased macrophage/HBC numbers might explain the circulating levels of these hormones.
This novel finding indicates that HBCs release molecules associated with the regulation of triglyceride metabolism. The presence of the adipogenic adipsin/ASP pathway in the HBCs of the placenta together with the elevated levels of adipsin in the fetal circulation and our correlation data suggest potential roles in regulation of triglyceride metabolism in the fetus.
Strengths of our study include the relatively large number of subjects investigated and the use of ex vivo explants, which supported our findings. Limitations include the use of estimates of insulin sensitivity rather than measuring this parameter using euglycemic hyperinsulinemic clamps and the lack of information about body fat distribution in the pregnant participants (although leptin was used as a surrogate marker). Finally, despite the clear evidence of placental secretion of adipsin and ASP via HBCs, the possibility that maternal adipsin/ASP might contribute to the fetal levels, perhaps by crossing the placental barrier, cannot completely be excluded, and further work beyond the scope of this manuscript is required to elucidate this.
In conclusion, we hypothesize that given the relative insulin resistance in pregnancy, and particularly in obese pregnancy, that adipsin and ASP might play a role in triglyceride metabolism in pregnancy. Our data place HBCs as a source of these metabolically active molecules.
